Summary. Muscle spindles are known to be innervated by both sensory and motor nerve endings. Sensory nerves are mainly distributed in the equatorial regions of muscle spindles, while motors are distributed in the polar regions. To examine the ganglioside expression in sensory and motor nerve endings, we investigated the topographical difference in the distribution of GM1, GD1a, GQ1b and GD1b gangliosides in the muscle spindles of masseter, flexor carpi ulnaris and lumbar paraspinal muscles of adult rats. Whereas GM1, GD1a and GD1b are distributed widely in both the sensory and motor regions of muscle spindles, GQ1b is restricted to the sensory regions. When GQ1b stain was compared with parvalbumin, known as a marker of proprioceptive neuron in dorsal root ganglia, parvalbumin staining was completely negative in the nerve endings of motor regions, whereas a few of them were GQ1b positive. GQ1b stain may reflect a few distribution of group II sensory nerve endings in the polar regions, and anti-GQ1b antibodies may be useful as a sensory nerve marker in muscle spindles. Anti-parvalbumin antibody may be used as a putative proprioceptive (group Ia) nerve marker also in the muscle spindle.
Introduction
Muscle spindles are encapsulated mechanoreceptors that are crucial for the control of movement and posture. Ruffini first demonstrated that muscle spindles are innervated by 3 distinctive types of nerve endings (Ruffini, 1898) . Although the fine morphology of these nerve endings has been discussed extensively, the distribution of the nerves is generally dependent on the region of the muscle spindles, i.e., the equatorial or the polar region. The equatorial region is characterized by periaxial space and abundant nuclear bag fibers, which contain many nuclei but few myofibrils (Barker, 1948) and abundant primary, i.e., group Ia, afferents. The secondary endings supplied by group II axons also terminate adjacent to the primary afferents. The polar region refers to both ends of the muscle spindle, which are characterized by richly striated intrafusal muscle fibers and a narrow periaxial space. Fusimotor (γ) and skeletofusimotor (β) neuron endings innervate the polar regions. The area between the equatorial and polar regions is sometimes called the paraequatorial region, where primary and secondary sensory nerve endings are considered to be present, but it is difficult to discriminate between this and the equatorial regions. The equatorial and paraequatorial regions are generally considered sensory regions, while the poles are considered the motor region. In addition, the endings of autonomic nerves are also assumed to be distributed in the polar region Immunohistochemical localization of the GM1, GD1a, GD1b and GQ1b gangliosides in the neuronal endings of rat muscle spindles Tomoko Komagamine 1,2 , Kenjiro Matsuno 2 , Yasuhiko Sakumoto 2 , Hideo Takahashi 2 , (Bombardi et al., 2006) . Gangliosides, sialic acid-containing glycosphingolipids, are highly enriched in the vertebrate nervous system and are considered to maintain normal nervous function. The production of anti-ganglioside antibodies can elicit some autoimmune neurological disorders, such as Guillain-Barré syndrome and its variant, Fisher syndrome (Yuki and Hurtung, 2012) . Therefore, the mapping of gangliosides will be crucial for elucidating the pathogenesis of these autoimmune neurological disorders. However, because of technical difficulties, very few co-staining studies have targeted gangliosides and neuronal markers in the muscle spindles as well as peripheral nerves to date. Only two reports have described GQ1b and GD1b gangliosides in the muscle spindles, in humans by Liu et al. (2009) and in rats by our research group (Ito et al., 2011) . We previously established a method for the simultaneous immunohistochemical detection of gangliosides and neuronal markers (Sakumoto et al., 2009) . In this study, we used this method to double immunostain muscle spindles with anti-GM1, GD1a, GD1b and GQ1b antibodies and anti-neurofilament antibody to determine the localizations of each ganglioside on the sensory and motor nerve endings of muscle spindles from rat facial, axial and limb muscles. Additionally, to compare GQ1b stain with parvalbumin stain and to determine whether parvalbumin can be used as a proprioceptive marker in the neuronal endings of muscle spindles, we reanalyzed muscle spindles specimens of rats prepared for the previous report.
Materials and Methods

Samples
Three adult male ACI rats (12-16 weeks old), one PVG rat, and two adult female Wistar rats (27 weeks old) were purchased from Japan SLC, Inc. (Shizuoka). All animal handling and care protocols were in accordance with Dokkyo Medical University's Regulation for Animal Experiments and Japanese Governmental Law and were approved by the Dokkyo Medical University Animal Experiment Committee (No. 660). Samples of the masseter, lumbar paraspinal and flexor carpi ulnaris muscles from ACI rats and the masseter muscle from PVG rats were obtained after sacrifice under deep anesthesia with 0.5 ml/ kg/i.p. sodium pentobarbital (Kyoritsu Seiyaku, Tokyo, Japan). The muscle samples were freshly frozen in hexane at −80°C.
A reanalysis of the samples that were partially described previously (Ito et al., 2011) was also performed. These samples included the masseter muscles from two adult female Wister rats that were obtained after perfusion with 4% paraformaldehyde and double stained with monoclonal anti-GM1 (GB2) or -GQ1b (FS3) and polyclonal antiparvalbumin antibodies.
Antibodies
Murine monoclonal antibodies (mAbs) against GM1 (mAb GB2), GD1a (mAb GB1), and GQ1b (mAb FS2, mAb FS3) were produced in house (Table 1) . A monoclonal antibody against GD1b (mAb MOG3) was kindly donated by Dr. Masaaki Odaka (generated in the laboratory of Professor Willison HJ, division of Neuroscience, University of Glasgow, UK). Another mouse monoclonal antibody to GD1b (mAb GGR12) was purchased from the Seikagaku Corporation (Tokyo, Japan). The polyclonal antibody against neurofilament H was purchased from Millipore (Temecula, CA, USA). The polyclonal antibody against parvalbumin was purchased from Affinity BioReagents (Golden, CO, USA). The secondary antibodies used are also shown in Table 1 .
Immunohistochemical studies
S a m p l e s w e r e p r o c e s s e d f o r t h e s i m u l t a n e o u s immunohistochemical detection of gangliosides and neuronal markers by acetone etching as previously described (Sakumoto et al., 2009) , without paraformaldehyde fixation. Transverse fresh cryosections were made at 6 μm using a cryomicrotome (Leica CM3050 S; Nussloch, Germany). The sections were mounted on silane-coated glass slides (Dako Corp., Santa Barbara, CA, USA) and air-dried for longer than 2 h at room temperature. The sections were dipped in −7 to 0°C cold acetone for 7 min, air-dried for 30 min, rehydrated in 0.01 M phosphate-buffered saline (pH 7.2) and then dipped in 0.2% Tween 20 in phosphate-buffered saline. The samples were treated with 5% bovine serum albumin (Sigma, St. Louis, MO, USA) in phosphate-buffered saline for 15 min to reduce background staining. The samples were then incubated overnight at 4°C with the ganglioside antibodies or for 1 h at room temperature for the neuronal marker antibodies and for 1 h at room temperature for all secondary antibodies. To detect the gangliosides, indirect immunoalkaline phosphatase staining was performed with the Vector Blue Alkaline Phosphatase Substrate Kit III (Vector Laboratories Inc., Burlingame, CA, USA) with levamizole (Sigma). To detect neurofilament H and parvalbumin, indirect immunoperoxidase staining with 3'-diaminobenzidine hydrochloride (Dojin Chemical, Kumamoto, Japan) with imidazole (Nacalai Tesque Inc., Kyoto, Japan) was performed. Before covering, the sections were counterstained with hematoxylin for 10 sec. In control sections, primary antibodies were replaced with 0.2% bovine serum albumin in phosphate-buffered saline. No staining was observed in these sections. Photomicrographs were taken using 40× or 100× objective lenses (Microphoto FX, Nikon, Tokyo, Japan).
Definition of the equatorial and polar regions of the muscle spindles
To determine whether a section contained equatorial or polar regions, which contains the set of muscle spindles and nerve endings, we used the following definition: the equatorial region has penetration sites of the nerves across the outer capsule from the intramuscular nerve trunk, periaxial spaces, intrafusal muscle fiber nuclei, and large and annulospiral endings surrounding the intrafusal muscle fibers. We considered spindle sections with periaxial space but no nerve penetration site to be paraequatorial regions and excluded them from the ganglioside staining analyses. The polar region lacks extensive periaxial space and intrafusal muscle fiber nuclei (see schematic in Fig. 1 ).
Measurement of immunoreactive nerve endings with gangliosides in three distinctive regions of muscle spindles
We conducted a light microscope survey and counted each neurofilament positive area or spot as one nerve ending in one horizontal section of each muscle, irrespective of whether these sections were continuous or separated by serial section. In other words, one spiral or ring-like sequence could be counted as two or more endings. We counted only the neurofilament-positive endings that were located inside outer capsule and excluded the neurofilament-positive axons that were located on the outer capsule layer or penetrated the outer capsule.
Statistical analyses
SAS ver 9.3 software (SAS Institute, Cary, NC, USA) was used for statistical analysis. The numbers of gangliosidepositive nerve endings between different regions and antibodies were compared with the chi-squared test. Differences were considered statistically significant at p<0.01. 
Results
General features
A total of 132 muscle spindles from the masseter, lumbar paraspinal and flexor carpi ulnaris muscles obtained from three ACI rats was examined. Twenty eight muscle spindles were excluded from analysis because they were paraequatorial regions. Their general morphological features are summarized in Table 2 . The deep portions of the masseter muscles contained clusters of spindles and the largest numbers and sizes of muscle spindles. The number of nerve endings per spindle was also larger in the masseter muscles than in the other two muscles ( Table 2 ). The nerve endings in the specimens were strongly stained with anti-neurofilament H (Fig. 2, 3) . The nerve endings in the equatorial regions of muscle spindles were the thicker than those in the polar regions. In the equatorial regions, the spiral or ring-like endings surrounded the intrafusal muscle fibers. In the polar regions, the endings were free within the capsules of the muscle spindle, and they appeared less frequently in the polar regions than the other regions.
Ganglioside staining
The equatorial and polar regions of muscle spindles double-stained with neurofilament and GM1, GD1a, GD1b and GQ1b are shown in Fig. 2 and 3 . GM1 and GD1a stained nerve endings were observed in both the equatorial and polar regions, whereas GD1b and GQ1b stained nerve endings were only occasionally observed in the polar regions. The outer capsules of the equatorial regions were stained strongly with GM1 and moderately Fig. 1 . Schematic of our definition of the equatorial and polar regions. The muscle spindle is innervated by four major nerves (left). Group Ia and II sensory and γ motor axons penetrate together in the equatorial region, and Ia and II afferents innervate intrafusal muscle fibers in this region, while γ motor axons descend toward the polar region within the outer capsule of the muscle spindle. For simplicity, only one intrafusal muscle fiber is described in this schematic, but usually, several fibers are present. The equatorial region has annulospiral endings surrounding each intrafusal muscle fiber (center image). In cross-section, nerve penetration through the outer capsule of the muscle spindle and extensive periaxial space are evident in the equatorial regions (upper right image), whereas the polar regions lack periaxial space (lower right image) (immunostaining with cholera toxin (blue) and anti-neurofilament H antibody (brown)). with GD1a. Anti-GD1b mAb (MOG3) stained the outer capsule only at the equatorial region. All 6 antibodies stained the inner capsule.
A characteristic ganglioside staining pattern was observed uniformly in the muscle spindles of the masseter, lumbar paraspinal and flexor carpi ulnaris muscles. The masseter muscle specimens obtained from a PVG rat showed similar pattern as those from ACI rats. In the masseter muscles, muscle spindles formed clusters, and over 30 spindles were observed in one section. We analyzed the frequencies of endings in the masseter muscles that were positive for each ganglioside. The frequencies in the equatorial and polar regions of the muscle spindles of the masseter muscles are shown in Fig. 4 . In the equatorial regions, all of the antibodies stained over 80% of neurofilament positive endings. In the polar regions, GM1 and GD1a stained more than half of the nerve endings, whereas anti-GD1b mAbs (MOG3 and GGR12) stained fewer than half of the endings and anti-GQ1b antibodies stained only about 10%. Each mAbs stained significantly different manner for expression on neurofilament positive endings in both the equatorial and polar regions, as determined by the χ 2 test (p<0.001). Although both mAbs MOG3 and GGR12 recognize GD1b, the two antibodies exhibited significantly different staining patterns in the polar regions (p<0.001). mAbs FS2 and FS3, which recognize GQ1b, exhibited fundamentally similar staining patterns in both regions (p=0.82).
Parvalbumin staining
Examples of double staining with parvalbumin and mAb GB2 (GM1) or mAb FS3 (GQ1b) and the frequencies of positive staining are shown in Fig. 5 and 6 . The antiparvalbumin antibody stained the intrafusal and extrafusal muscle fibers in brown with DAB in the previously reported pattern (Celio and Heizmann, 1982) and concurrently stained the nerve endings of muscle spindles in reddish brown with DAB. The parvalbumin-positive nerve endings at the equatorial regions were compared with neurofilament-positive in corresponding sections. However, at the polar regions, the nerve endings were completely negative for parvalbumin, and parvalbuminpositive structures were restricted to only intrafusal muscle fibers.
Discussion
This study examined the co-staining patterns of GM1, GD1a, GD1b and GQ1b gangliosides with neurofilament and parvalbumin in rat muscle spindles. Whereas the size, number, muscle spindle cluster formation and ending numbers differed among the facial, axial and limb muscles, as previously reported (Rowlerson et al., 1988; Liu et al., 2002; Banks et al., 2009) , the ganglioside staining patterns were similar in all muscles. A summary of our results, together with a comprehensive summary of the previous reports of sensory, motor and autonomic distributions of muscle spindles, are shown in Table 3 . In the equatorial regions, all the gangliosides stained well. The large population of GD1b-positive afferents and comparatively higher population of GQ1b-positive afferents than what is observed in the polar regions indicates that both groups Ia and II afferents are positive for these gangliosides. Our results confirmed previous findings that only occasional stains with antiGD1b and GQ1b antibodies were found in the polar regions (Liu et al., 2009) . Anti-GD1b antibodies have been known to immunostain the nerve cell bodies in the dorsal root ganglia, known as the sensory area, and sympathetic ganglia, whereas an anti-GM1 antibody did not stain these features in human specimens . Our results also showed that the two gangliosides are expressed in sensory regions of the muscle spindles of adult rats. In contrast, the polar regions exhibited much less frequent staining by all gangliosides than did the equatorial region. At least 3 types of endings, including γ and β motor nerves and autonomic nerve, may exist in the polar region. GM1 and GD1a stained more than 60% of the nerve endings. Anti-GD1b mAbs (MOG3 and GGR12) stained about half or fewer than half of the endings. These staining patterns may reflect the combination of γ and β motor nerves and autonomic nerve endings. The anti-GD1b staining patterns were not identical between MOG3 and GGR12, which may be explained by the different reactivities of these antibodies against fine epitopes. Our results suggested that γ and β motor nerves or autonomic nerve endings have some GD1b epitopes. Anti-GQ1b staining was observed in only a few nerve endings in the polar region, which may be explained by the observed parvalbumin staining pattern. Parvalbumin, which is known as a proprioceptive neuron marker in dorsal root ganglia, has been reported to be expressed on some neuronal axons entering muscle spindles and coiled around intrafusal muscle fibers in neonatal rats (Celio, 1990) . We speculated that parvalbumin staining corresponded to group Ia axon endings in muscle spindles in our previous report (Ito et al., 2011) . The negative parvalbumin staining of nerve endings in the polar regions observed in this study indicates that the motor nerve endings do not immunoreact with the anti-parvalbumin antibody. The low frequency of GQ1b-positive endings in the polar regions may be due to the sporadic distribution of group II sensory nerve endings in the polar regions (Desaki et al., 2010) . Alternatively, γ and β motor neuron endings or autonomic nerve endings might also weakly express GQ1b. Group II afferents contain GQ1b, and (Kuwabara et al., 1999) . The localization of each target ganglioside antigens has been of pathogenetic importance and associated with distinct clinical patterns of Guillain-Barré syndrome and its variants, including Fisher syndrome and ataxic GuillainBarré syndrome. (Yuki and Hurtung, 2012) . For example, anti-GQ1b antibody has strong association with ophthalmoplegia and bulbar palsy, in addition to ataxia, and antigen GQ1b is known to be expressed in the oculomotor, trochlear, and abducens nerves . In the present study, the staining patterns of each ganglioside might reflect distribution of Ia and II sensory and motor nerve endings as discussed and demonstrated in Table 4 . Although pathogenesis of ataxia and areflexia remains unclear, our results suggest that muscle spindles could be a target tissue causing these abnormalities. Further studies using animal models of Guillain-Barré syndrome are required to clarify this hypothesis. . Frequencies of GM1 and GQ1b gangliosides and parvalbumin staining. In the equatorial region, all the GM1 stained structures were also positive for parvalbumin staining. In contrast, in the polar region, only GM1 staining was observed in the nerve endings. To compare GQ1b with parvalbumin, the percentage of GQ1b-positive neurons relative to the number of GM1-positive neurons was also shown in the same graph.
